antigen with 200 amino acid repeats (HIN-200 or HIN) domain (Fig. 1) . The PYD domain (also known as DAPIN or PAAD domain) belongs to the death domain superfamily and is an alpha-helical motif that forms homotypic interactions with other PYD containing proteins. The 200 amino acid DNA binding HIN domain is classified into three subtypes, termed A, B and C, based on consensus motifs [8] . POP3, the most recent member of this gene cluster to be identified, lacks the HIN domains found in other PYHIN proteins [3] .
The PYHIN proteins have been shown to localise to both the nucleus and cytosol. AIM2 and POP3 are predominantly cytosolic proteins, while IFI16, MNDA and PYHIN1 are predominantly found in the nucleus owing to the presence of an N-terminal nuclear localisation sequence (NLS) [3, 9] . However, other factors such as acetylation or the presence of stimulatory DNA (in the case of IFI16), or the onset of apoptosis (in the case of MNDA), can also influence their cellular localisation [10] [11] [12] .
Due to recent exciting discoveries demonstrating roles for some PYHIN proteins as innate immune PRRs, in this review we re-visit the functions of these proteins. Here we will focus on the human PYHINs, discussing earlier studies on this protein family, their new roles in DNA sensing and transcriptional regulation, the mechanisms by which these events occur and possible approaches to targeting PYHINs therapeutically.
Early research on the human PYHINs
Prior to discoveries demonstrating that members of the PYHIN family function in pathogen recognition, studies focused on roles for these proteins in cell growth, cell cycle control, cell differentiation, tumour suppression, apoptosis, and the DNA damage response.
MNDA, the first human PYHIN family member discovered, was identified in HL-60 cells as a 55 kDa protein that is expressed predominantly in the nucleus and specifically in cells of the myeloid lineage [13] . Early studies into the role of MNDA suggested an involvement in myeloid differentiation. This idea was supported by studies revealing that MNDA can bind nucleolin and nucleophosmin [14, 15] , both of which have been shown to be involved in the maturation and biosynthesis of ribosomes. The noted nuclear localisation, and lineage-and stage-specific expression of MNDA suggested that this PYHIN protein may play a role in regulating gene transcription. MNDA has been shown to bind to the transcription factor ying yang 1 (YY1), forming a ternary complex along with the YY1 target DNA. The interaction between MNDA and YY1 increases the affinity of YY1 for its target DNA and decreases its rate of dissociation [16] . This means that cellular levels of MNDA could have a dramatic effect on the transcription of several genes, highlighting its potential as a key regulator of gene expression. Indeed, retroviral mediated expression of MNDA in K592 cells, which normally lack MNDA, correlated with induction of delta-like 1 (DLK1), whose expression is essential for normal haematopoiesis, and specifically for myeloid cell development [17] . MNDA itself has also been proposed to act as a transcription factor in monocytes [18] and this is supported by a more recent study demonstrating that MNDA can directly bind double stranded DNA (dsDNA) [19] . A possible role for MNDA in neutrophil apoptosis has also been proposed. Thus during apoptosis, MNDA is cleaved by caspases and then relocalises to the cytosol where it accumulates and associates with the antiapoptotic protein myeloid cell leukaemia 1 (MCL1). This leads to MCL1 degradation, resulting in apoptosis caused by mitochondrial dysfunction [12] . This relocalisation of MNDA to the cytosol is thought to be required for proper execution of apoptosis and suggests that reduced cytoplasmic accumulation of MNDA contributes to suppression of neutrophil apoptosis. Furthermore, in septic patients cytoplasmic accumulation and cleavage of MNDA in neutrophils was dramatically impaired [12] .
The second human PYHIN family member identified was IFI16. IFI16 migrates as three distinct protein species (IFI16A, B and C) on SDS-PAGE, the most abundantly expressed and commonly studied isoform being the B form. The three isoforms are generated as a result of alternative RNA splicing and are clustered at 85-95 kDa [20] . Early studies on IFI16 focused on its role in cell cycle control and transcriptional regulation. IFI16 has been shown to bind the Cterminal region of the tumour suppressor protein p53, augmenting p53-mediated transcriptional activation. While the mechanism of IFI16 modulation of p53 DNA binding is still not completely clear the data suggests that interaction of IFI16 with p53 may be important for binding of p53 to DNA, which then translates to an increase in the transcriptional activity of p53 [21] . This is reminiscent of MNDAs ability to enhance YY1 binding to DNA. Interestingly, IFI16 can also interact directly in vivo with the gene promoter region of both p53 and c-myc [22] . IFI16 has also been shown to bind BRCA1 and this complex has been reported to be involved in the p53-mediated cell death pathway, suggesting that IFI16 may play a role in DNA damage induced apoptosis [23] . However, IFI16 has also been shown to associate with the retinoblastoma tumour-suppressor protein Rb and the transcription factor E2F1, resulting in the inhibition of Rb-E2F1 mediated transcriptional repression [24] . While accumulating evidence supports the idea that PYHINs can act as transcriptional regulators, it highlights that this regulation can be indirect by influencing transcription factors, or direct resulting from a PYHIN:DNA association. By regulating transcription factors, IFI16 can also act as a restriction factor during human cytomegalovirus (HCMV) infection. It does so by interacting with the transcription factor Sp1, displacing it from promoters, thereby leading to a decrease in HCMV DNA synthesis, a decrease in viral gene expression and inhibition of viral replication [25] . Furthermore, IFI16 has recently been shown to be required for gene induction in response to innate immune RNA and DNA detection, since IFI16 is required for optimal RNA polymerase II occupancy on IFN-a and Immune Stimulated Gene (ISG) promoters [26] . This provides evidence for a role for IFI16 in transcriptional regulation and reveals a direct antiviral role for IFI16 to both DNA and RNA viruses. In addition, a prominent role for IFI16 in DNA sensing is now appreciated (see below).
Like IFI16, the third PYHIN protein identified namely AIM2 has a role in innate detection of DNA. However, prior to its identification as a DNA sensor, a role for AIM2 in tumour suppression was proposed. Indeed AIM2 was actually first identified in tumour cells lines whose tumorigenicity is intentionally suppressed [27] . Others supported this idea that AIM2 is a tumour suppressor and this role has been noted in many systems [28] . More recent work on AIM2 has focused on its role as a DNA sensor and will be discussed in more detail below.
The next PYHIN family member that was identified was PYHIN1 (or IFIX as it is also known). The PYHIN1 gene is predicted to encode six different protein isoforms as a result of alternative mRNA splicing (a1, a2, b1, b2, g1, and g2). Each of the isoforms has a common N-terminal region, which contains a PYD and a NLS. Consequently each of these proteins are localised in the nucleus.
However, a2, b2 and g2 have a deletion of nine amino acids in the N-terminal region when compared to a1, b1 and g1. In addition, isoforms a1, a2, b1 and b2 contain a HIN domain which is absent in both the g1, and g2 isoforms [6] . Like the PYD of other nuclear expressed PYHIN proteins, that of PYHIN1 also appears to form aggregates when expressed alone [29] . Furthermore, given that AIM2, IFI16 and MNDA have been shown to dimerise [15, 20, 30] , this raises the possibility that their other closely related family member PYHIN1 can do so also. Functionally, roles for PYHIN1 in cell growth and tumour suppression have been reported. PYHIN1 expression has been reported to be reduced in breast tumours and breast cancer cell lines [6] . It is believed that PYHIN1a1 possesses tumour suppressive activity mediated by its ability to interact with and destabilise the oncoprotein HDM2. This results in p53 stabilisation and activation of p53 responsive genes, such as the cyclin dependent kinase inhibitor p21CIP1. Consequently, CDK2 kinase activity is reduced and cell growth is inhibited [6, 31] . A functional link between PYHIN1a and maspin has also been proposed. Maspin is a serine protease inhibitor and suppressor of metastasis. In PYHIN1a expressing cells, histone deacetylase 1 (HDAC1) is degraded, allowing maspin transcription which results in reduced metastasis [32] .
The most recent addition to the PYHIN family is POP3 [3] . The gene encoding POP3 was recently shown to reside between PYHIN1 and IFI16 on the PYHIN locus (Fig. 1A) . POP3 lacks a HIN domain responsible for DNA binding, but possesses a PYD domain. As such, POP3 can strongly interact with the ALRs AIM2 and IFI16, likely modulating their roles in innate immunity [3] .
As yet, there is limited insight into the specific molecular roles of the PYHIN proteins in many of the diverse processes described above with which they have been associated. However, in recent years research has focused in particular on AIM2 and IFI16, given that an important role for these PYHINs in innate immunity has been uncovered. These significant discoveries will be now discussed in more detail, with a focus on the latest findings which have advanced our understanding of how cells sense the presence of pathogen and self DNA leading to activation of innate immunity.
Intracellular DNA sensing
The detection of intracellular DNA is a crucial event in the innate immune response to viruses and intracellular bacteria. However, aberrant DNA detection (for example of self DNA) can have negative consequences resulting in autoimmunity. While it has been appreciated for some years that DNA can be immunestimulatory, we have only recently begun to understand the molecular basis of DNA sensing. The endosomal TLR9 was the first described PRR for DNA [33] . However, following infections with intracellular pathogens, impairments in clearance of exogenous DNA or imbalanced control of endogenous DNA products, DNA can also accumulate in the cytosol. This leads to cytokine and IFN induction, especially if and when cytoplasmic DNases may be defective. Therefore, numerous studies attempting to identify cytosolic DNA sensors were undertaken. The first cytosolic DNA sensor identified was DNA-dependent activator of IFN-regulatory factors (DAI) [34] . However, as the sensing ability of DAI is restricted to specific cell types, additional DNA sensors were believed to exist. Indeed, to date more than ten cytosolic DNA sensors have been proposed (Fig. 2) . Some of these DNA sensors can also function in the nucleus. While the other DNA sensors have been reviewed elsewhere [35, 36] , AIM2 and IFI16 as members of the PYHIN family are of particular interest here.
Discovery of AIM2 as a DNA receptor
While it has been known for some time that the HIN domain is a DNA binding domain present in the PYHIN proteins [37] , it was some time before a PYHIN family member, namely AIM2, was implicated in host immune defence as a DNA sensor [9] . Unlike the other PYHINs it was revealed that AIM2 is predominantly cytosolic and can recognise non-self dsDNA in this compartment via its HIN domain [9] . Following dsDNA binding, the PYD and Caspase activation and recruitment domain (CARD) containing bipartite adapter protein ASC (apoptosis-associated speck-like protein containing a CARD) is recruited to AIM2 via homotypic PYD:PYD domain interactions [9] . ASC recruitment allows for the formation of a large multi-protein inflammasome complex, which mediates caspase-1 activation and interleukin-1b (IL-1b) processing [9] . Given that human and mouse AIM2 are direct orthologues, studies investigating the role of AIM2 in DNA recognition and IL-1b production using AIM2 knockout mice have provided greater insight into the role of AIM2 as a DNA sensor. While validating its role as a DNA sensor these studies have also demonstrated that AIM2 is involved in the detection of the cytosolic bacteria Francisella tularensis, vaccinia virus and Listeria monocytogenes [38] , pathogens which can also infect humans. Although the involvement of AIM2 in Mycobacterium tuberculosis (MTB) detection in human remains to be investigated, AIM2 knockout mice are also highly susceptible to MTB demonstrating defective caspase-1 activation, IL-1b and IL-18 production [39] . Furthermore, mouse p204, the functional homologue of IFI16 contributes to IFN-b and IFIT1 induction following MTB infection [40] , suggesting that ALRs may also be responsible for MTB detection in humans.
More recent work on AIM2 has sought to investigate the structure of the HIN domain in complex with dsDNA and the molecular mechanisms involved in AIM2 inflammasome activation following DNA binding. The crystal structure of the dsDNA bound AIM2 HIN domain has revealed that AIM2 recognises DNA in a nonsequence specific manner via electrostatic attraction between positively charged HIN domain residues and the dsDNA sugarphosphate backbone [41] . Importantly, these findings provide a rationale for the permissive nature of DNA binding by AIM2. Docking and binding studies have revealed that AIM2 can selfassociate prior to dsDNA binding, via an AIM2HIN:AIM2PYD association [42] . This association maintains AIM2 in an autoinhibited state prior to dsDNA binding. Interestingly the negatively charged surface of the AIM2PYD which can associate with the HIN domain of AIM2 is the same region which binds the PYD domain of ASC following dsDNA binding. Such elegant mutually exclusive interactions are thought to ensure that AIM2 interacts with the downstream adapter ASC only upon activation of AIM2 by the dsDNA ligand. In addition to releasing AIM2 from its auto-inhibited state, dsDNA also acts as a platform for the recruitment of multiple AIM2 molecules, allowing for the close approximation of individual AIM2PYDs. These AIM2 oligomers in turn facilitate the nucleation of multiple ASCPYDs leading to the formation of the multi-protein inflammasome complex required for IL-1b processing [43] .
5. Viral DNA sensing by IFI16 leading to downstream signalling IFI16 is the second member of the human PYHIN family shown to be an innate immune sensor for dsDNA. Unlike AIM2, IFI16 is most abundant in the nucleus as a result of a NLS present in its Nterminal region [10] . IFI16 was initially identified as a novel DNA sensor using a 70 base pair IFN-b-inducing vaccinia virus dsDNA motif to purify DNA-binding proteins from cytosolic human monocytic extracts [2] . Unlike the DNA sensor TLR9, DNA sensing by IFI16 is independent of GC content and sequence [2] . As with AIM2, the sequence independent DNA binding by IFI16 is achieved by electrostatic attraction between positively charged HIN domain residues and the dsDNA sugar phosphate backbone [41] . This allows IFI16 to detect dsDNA from many sources including Kaposi's sarcoma-related herpesvirus (KSHV) [11] , Epstein-Barr virus (EBV) [44] , herpes simplex virus 1 (HSV-1) [45] and human immunodeficiency virus (HIV-1) [46] . On the contrary, dsDNA sensing by IFI16 is length dependent [2] , with dsDNA fragments of 150 base pairs reportedly being favourable for the formation of an optimal binding cluster of approximately ten IFI16 protomers [47] . In order to bind stimulatory dsDNA, the HIN domains of IFI16 associate with both DNA strands across both the major and minor strands, in keeping with the requirement of dsDNA rather than ssDNA for the initiation of signalling from IFI16 [2, 41] . While both HIN domains of IFI16 can associate with dsDNA, the HINb domain possesses a stronger DNA binding affinity [2, 41] . In contrast to AIM2, DNA recognition by IFI16 can occur in both the cytosolic and nuclear compartments. For example DNA which has been transfected, lentiviral DNA that has accumulated or herpesvirus DNA which has been exposed in the cytosol can be detected by cytosolic IFI16 [2, 46, 48] while DNA from nuclear viruses such as HCMV is detected in the nucleus [10, 49] . As mentioned earlier, the NLS of IFI16 is required for the nuclear localisation of IFI16. Recently, two acetylation sites that negatively regulate NLS function have been identified. When these lysine residues at position 99 and 128, which are within two critical NLS motifs are acetylated, nuclear import is inhibited (Fig. 3) . The acetylation status of IFI16 is thought to be regulated by the acetyltransferase p300 and the histone deacetylase HDAC and occurs in various cell types [10] . Thus an important factor in the regulation of IFI16 localisation is its acetylation status.
Whether host receptors such as IFI16 have any capacity to distinguish self DNA from non-self DNA at the molecular level has been a long-standing question in innate immunity. An early dogma in the DNA sensing field was the idea that the nucleus was an immune-privileged cellular compartment for DNA detection. However, we now know that some sensors such as IFI16 can specifically detect non-host DNA in the nucleus. A recent paper examining IFI16 oligomerisation on DNA has provided insights into how this distinction might occur. Firstly, Morrone et al. found that following DNA binding, IFI16 continues to assemble on the dsDNA strand in a cooperative manner via PYD:PYD associations, forming IFI16 foci from which downstream signal activation can be initiated [47] . For optimal polymerisation to occur a region of approximately 150 bp of DNA is required. Thus, despite exceeding the footprint of the HIN domains, the length of the exposed linkerdsDNA between nucleosomes (10-20 bp) 
Following the activation of IFI16 by immune stimulatory nonself DNA, this receptor recruits the endoplasmic resident protein STING (stimulator of interferon genes) [2] . The IFI16:STING association occurs in the cytosol following either cytosolic or nuclear DNA detection, as after herpesvirus DNA detection by nuclear IFI16 this portion of activated IFI16 translocates to the cytosol [11, 49] . How exactly nuclear export of IFI16 is regulated after DNA sensing remains to be determined, but may involve . Depending on its acetylation status IFI16 can localise to the nucleus or the cytosol, monitoring both compartments for viral dsDNA. Upon DNA sensing by the HINB domain, IFI16 is released from its autoinhibited state and cooperatively assembles along the dsDNA strand, forming signalling foci from which STING or ASC can be activated leading to the transcriptional induction of type I interferon genes or proIL-1b processing respectively. regulated alteration of the acetylation status of IFI16, since the acetylation status of IFI16 regulates its cellular location (as described above). Alternatively, in cells such as macrophages, which are less permissive to viral infection, proteasomal degradation of viral capsids allows the release of viral DNA into the cytosol prior to nuclear delivery of the genome. This exposure of viral DNA activates cytosolic IFI16, which also leads to STING/TBK1 activation and IFN-b expression [48] . While STING and TBK1 are widely accepted to be activated following IFI16 stimulation, the details of the molecular events involved in their activation have yet to be unravelled. STING is known to be activated upon binding of cyclic GMP-AMP (cGAMP) which is a novel second messenger produced by cGAMP synthase (cGAS). Like IFI16, cGAS has been shown to directly bind dsDNA, and in this case this binding event stimulates the catalytic activity of cGAS, leading to cGAMP production (Fig. 2) . How IFI16 'activates' STING, and whether this involves cGAS and cGAMP is currently unclear, although we do know that both IFI16 and cGAS can contribute to DNA sensing in certain cell types [50] .
Recently, IFI16 has been identified as a host receptor responsible for the detection of HIV DNA in macrophages and CD4 + T cells [46, 51] . Importantly, in macrophages IFI16 was shown to bind not only dsDNA, but also ssDNA containing long stem structures and terminal loop regions that form a duplex structure, both which are produced during the HIV lentiviral life cycle [46] . As such, in macrophages IFI16 contributes to the detection and early control of HIV in these cells. However, abortive infection of CD4 + T cells with HIV, which leads to accumulation of HIV DNA, causes IFI16-dependent pyroptosis [51] , since like AIM2, IFI16 activation can also promote inflammasome activation in some contexts. IFI16-dependent inflammasome activation has been reported to also occur after infection with herpes viruses such as KSHV, HSV-1 and EBV [11, 44, 45] . However, HSV-1 and HCMV infection can also result in IFI16 dependent IFN-b induction via the STING/TBK1 pathway. As yet the molecular details of the differential events involved in IFI16 dependent ASC and STING activation remain unclear. Recent structural studies on DNA binding and oligomerisation as a key step in pathway activation for both AIM2 and IFI16 have provided some important answers to previously unresolved questions in the field, allowing us a more complete understanding of how these DNA sensors work. However, there is undoubtedly a great deal more to decipher, with many questions still remaining. For example, the exact cellular location of IFI16 induced STING activation remains elusive. It is also unclear if IFI16 polymerisation facilitates inflammasome formation as well as STING activation. In addition, while the importance of DNA length for IFI16 binding has been explored the correlation between optimal binding and downstream pathway activation has not. An analysis of the optimal ligand for AIM2 binding and inflammasome formation would also be very interesting.
Host and pathogen regulation of AIM2 and IFI16
Since AIM2 and IFI16 can drive inflammation via cytokine induction, and are also critical in early viral detection as PRRs, it is to be expected that there are numerous host and pathogen mechanisms to regulate them. Some of these mechanisms have evolved in humans, while others have co-evolved in pathogens to counter ALR functions in an attempt to evade detection, or to minimise the extent of the immune response.
An interesting mechanism of PYHIN regulation has recently been uncovered with the discovery of the newest member of the PYHIN family, POP3 [3] . POP3 lacks the HIN domain found in other PYHINs (Fig. 1) , and so lacks any DNA binding ability. However, POP3 can directly bind both AIM2 and IFI16 via its PYD domain, and in doing so regulate downstream pathway activation. The association of POP3 with AIM2 diminishes the ability of AIM2 to associate with ASC thereby preventing inflammasome formation. Another example of co-regulation within the PYHIN family is AIM2 regulation by IFI16, where IFI16 can bind AIM2 and inhibit AIM2 mediated caspase-1 activation [5] , possibly by reducing the levels of free AIM2 available for ASC association. In mice, co-regulation within the PYHIN family has also been reported. Here, another PYHIN family member p202 is capable of inhibiting AIM2 [52] . p202 lacks a PYD but possess two DNA binding HIN domains, the first of which is capable of sequestering cytosolic dsDNA. Interestingly, the second HIN domain of p202 binds the HIN domain of AIM2, resulting in spatial separation of AIM2 PYD and the prevention of ASC clustering [53] . While no known human PYHIN possesses a similar domain architecture to mouse p202, alternatively spliced isoforms of human AIM2 have been predicted [54] . Perhaps those which lack either the PYD or the HIN domain can attenuate AIM2 activation in a manner similar to p202 inhibition of mouse AIM2. Finally, as mentioned earlier prior to dsDNA binding AIM2 is found in an autoinhibited state, where the PYD is in association with the HIN domain. Only following dsDNA binding is the AIM2PYD liberated and available for ASCPYD binding [42] , providing another example of regulation within the PYHIN family itself.
As a result of co-evolution with their hosts, viruses have also acquired mechanisms for blocking host immune signalling. The first report of viral targeting of a PYHIN protein came from herpes simplex virus 1 (HSV-1). It had been known for some time that the HSV-1 immediate early protein ICP0 was capable of inhibiting IRF-3 signalling, however its mechanism of inhibition remained elusive for some time. The ability of ICP0 to target IFI16 for proteasomal degradation was proposed to be at least one key mechanism employed by ICP0 for immune evasion [55] . Expanding on this work Johnson et al. demonstrate that ICP0 co-localises with IFI16 two and four hours post HSV-1 infection. In addition, this study demonstrated that IFI16 is phosphorylated following HSV-1 infection, likely targeting it for proteasomal degradation [45] . However, another study which raised concerns about the difficulties in distinguishing between the direct and indirect effects of ICP0, reasoned that ICP0 does have an impact on IFI16 related activities but that IFI16 is not necessarily an ICP0 substrate [56] . Nevertheless, this study agrees that following HSV-1 infection IFI16 is degraded by the proteasome, which is a very effective mechanism to limit prolonged viral detection. MNDA may also be subject to targeting by viral proteins, as Latency-associated nuclear antigen (LANA) from KSHV has been shown to associate with MNDA, however the implications of this interaction are unknown [57] .
It is becoming more apparent that innate host sensors frequently utilise aggregation dependent amplification mechanisms for signal activation [43, 58] . Indeed, the HCMV protein pUL83 has been shown to interact with the PYD of IFI16, blocking its oligomerisation [29] , and thus antagonising a critical step required for receptor activation. Utilising a HCMV strain lacking pUL83, Li et al. demonstrated that IFI16 oligomerisation is required for phosphorylation and nuclear translocation of IRF1 and IRF3. However, as no difference in caspase-1 cleavage was noted, the importance of IFI16 oligomerisation for inflammasome activation remains unclear. Interestingly, amino acids in the IFI16PYD which are critical for IFI16 oligomerisation are not well conserved in AIM2 [47] , raising the possibility that AIM2PYD either oligomerises differently or not at all, although overexpression of the AIM2PYD does result in filament formation [29] . Since AIM2 can nucleate ASCPYD, leading to the polymerisation of ASC in the AIM2 inflammasome [43, 58] , it remains a possibility that AIM2PYDs which are in very close proximity to each other rather than polymerised per se may be sufficient to nucleate ASC for inflammasome formation.
To date there have not been any extensive studies on viral inhibitors of PYHIN1 or MNDA. However, pUL83 binding of PYHIN1, as well as MDNA has also been reported [29] . Furthermore, co-expression of pUL83 with the PYD of MNDA or PYHIN1 also disrupted their ability to form nuclear oligomers. This raises the possibility that this HCMV protein is capable of interfering with the function of all three nuclear PYHIN proteins.
Disease related roles of the PYHIN proteins
While the current known roles of PYHIN proteins have placed them at the forefront of innate immunity, working as protectors of the host by sensing dsDNA from invading pathogens, there is now ample evidence showing that dysregulation of these pathways can have a negative impact on the host. For example, dysregulated inflammasome activity resulting in excessive IL-1b production, or inappropriate recognition of self nucleic acids leading to IFN-b induction, can both potently promote particular autoimmune diseases.
Much of the evidence for roles for the PYHINs in disease comes from the analysis of their expression in various conditions. As can be seen in Table 1 dysregulated PYHIN expression can occur in many different conditions ranging from viral infections to cancer. However, in many cases while the association is clear it may be difficult to determine if these changes in expression patterns are a cause or effect of the disease in question, particularly due to the fact that many PHYIN proteins are IFN-inducible.
Genetic factors are also thought to be important in determining disease risk, for example, PYHIN proteins have been reported to lie within a susceptibility locus for systemic lupus erythematosus (SLE) [59] and the PYHIN1 locus has been identified as a novel susceptibility locus for asthma, specifically for individuals of African descent [60] .
A protective role for AIM2 has been proposed in prostate diseases, with increased steady-state levels of AIM2 mRNA and protein in benign prostate hyperplasia but significantly lower levels of AIM2 expression in prostate cancer cells as compared to normal prostate epithelial cells [61] . Furthermore, reduced AIM2 expression in colorectal cancer is reportedly associated with poor outcome, suggesting a protective role for AIM2 here also [62] . In contrast elevated AIM2 levels and inflammasome activity have been reported in psoriatic lesions, possibly provoking this chronic autoimmune disease via sensing of self DNA [63] . Altered PYHIN1 and MNDA levels in a number of conditions have also been reported (Table 1) .
IFI16 is a target for autoantibodies and several studies have shown the presence of anti-IFI16 autoantibodies in chronic autoimmune diseases such as SLE [64] , systemic sclerosis [65] , rheumatoid arthritis [66] and Sjö gren's syndrome [67] . IFI16 is known to relocalise from the nucleus to the cytosol following UV treatment or viral DNA detection. It is hypothesised that IFI16 can also be released into the extracellular milieu. This extracellular IFI16 can in turn bind to the plasma membrane of endothelial cells, and down regulate both their migratory activities and tube morphogenesis [66] . In this context IFI16 may be acting as an alarmin, propagating the stress signal and causing further damage.
As mentioned earlier IFI16 is an important sensor for HIV DNA in multiple cell types [46, 51] . This work was further supported with findings from HIV patients demonstrating that they have elevated IFI16 levels, possibly arising as a result of chronic immune activation. While elevated IFI16 levels did correlate with a high viral load and low CD4 + cell counts, IFI16 mRNA rather than protein levels were analysed [68] . This may not reflect protein expression levels of IFI16 and also does not take into account other factors such as subcellular localisation and protein trafficking. This limitation is also mirrored in some other studies and highlights the importance of further studies relating to the exact roles of PYHINs in disease. While many studies are suggestive of a role of the human PYHINs in a number of conditions, mechanistic studies implicating these proteins in the pathogenesis of these diseases are still lacking and will need to be carried out if the PYHIN proteins are to be utilised as bio-markers or considered as therapeutic targets. Also, increased PYHIN expression during disease could be a consequence of increased IFN expression, present as a result of the disease rather than being a causative factor in the onset of the disease itself. However if this is the case, elevated PYHIN protein levels or the presence of anti-PYHIN antibodies may still be useful as biomarkers in certain diseases. 
Therapeutic approaches to targeting PYHIN proteins
While it is clear that the PYHIN family plays a central role in innate immunity, the evidence to date for the involvement of the PYHINs in disease mainly comes from altered expression patterns in disease, the presence of auto-antibodies against these proteins in sera of patients and single nucleotide polymorphisms in the genomic regions encoding the PYHINs (Table 1) .
Since aberrant and excessive DNA sensing contributes to autoimmune and inflammatory diseases [69] the involvement of the ALRs AIM2 and IFI16 at an early point in innate immune activation with regard to their role in DNA sensing, positions them at an ideal point for therapeutic targeting. Caspase-1, which is activated following HIV DNA recognition by IFI16 [51] has been targeted using a caspase-1 inhibitor that is safe for use in humans. This inhibitor has been shown to block caspase-1 cleavage, IL-1b secretion and CD4 + T cell death [70] , demonstrating that inhibiting IFI16 induced signalling in HIV patients has great therapeutic promise. However, as discussed earlier the DNA binding capabilities of the human PYHINs are not solely utilised in viral detection, as the human PYHINs can also act as transcriptional regulators. In addition, most ALRs bind dsDNA in a non-sequence specific manner, so the use of synthetic oligodeoxynucleotides (ODN) which can bind DNA sensors in a manner that is competitive with immune stimulatory DNA must be highly specific to avoid affecting the functions of other ALRs. For example ODN-A151 has been shown to inhibit dsDNA induced type I IFN, TNFa, ISG induction and caspase 1 dependent IL-1b and IL-18 maturation by binding to AIM2. However, biotinylated ODN-A151 also immunoprecipitated with IFI16, further suggesting that multiple dsDNA induced signalling events are likely to be effected by ODN-A151 [71] . LL-37 is a human cathelicidin antimicrobial peptide that forms a complex with extracellular self-DNA, sequestering it and inhibiting the ability of DNA to induce IL-1b production via the AIM2 inflammasome. However, LL-37 promotes cellular uptake of self-DNA and while LL-37/self-DNA complexes do not appear to activate AIM2, they do initiate inflammatory cascades via TLR9 [63] . This highlights the difficulty in targeting a molecule which can exert effects via multiple PRRs.
Alternatively, targeting a more specific association such as those initiated directly after DNA:ALR binding for instance PYD:PYD interactions may be more promising. It is becoming apparent that oligomerisation is a unifying mechanism critical for downstream signal activation [29, 43, 47, 58] . DsDNA binding to IFI16 and AIM2 induces the polymerisation of IFI16 PYD domains, or the polymerisation of AIM2PYD and ASCPYD respectively. Targeting these key associations, which determine the stability of the signal activation complexes, could encourage their disruption thereby alleviating autoimmune disorders. Alternatively, complex stability could be improved, resulting in enhanced immunity. The elucidation of crystal structures for IFI16 PYD:PYD associations AIM2PYD:ASCPYD would be extremely advantageous in this regard.
Viral inhibitors of the PYHINs such as pUL83 may also prove very informative. Understanding how this and other viral inhibitors work may aid the design of specific peptide inhibitors of human PYHINs. This approach has proved successful in other contexts, for example a peptide derived from the vaccinia virus protein A46 (known as VIPER) is capable of inhibiting TLR induced signalling by interfering with downstream adapter protein associations which are required for signal activation [72] . In the context of DNA sensing, PYHINs operate within the cell therefore intracellular delivery of therapeutics will be a crucial step to overcome. However, targeting circulating IFI16 for example may be another promising way to treat autoimmune and inflammatory disorders.
Another challenge in the development of therapeutics targeting proteins of the PYHIN family will be to usefully interpret data from mouse models. Given the complexity of the PYHIN family in mouse, which have at least 13 members [7, 73] it may be difficult to determine the correlation if any, with data from humans studies. Although human IFI16 and mouse p204 have been shown to function similarly, and have a similar domain structure containing a PYRIN domain and two HIN domains, human and mouse AIM2 are the only direct orthologues identified between these species based on the phylogenetic analyses of both HIN and pyrin domains [7, 73] . While human and mouse PYHINs such as IFI16 and p204 appear to be functional orthologues, it will nonetheless be important to bear in mind the many differences between these two systems. The regulation of the PYHINs may also differ between the mouse and human systems, and further complicate the interpretation of data. For example, POP3, which negatively regulates AIM2 and IFI16, is absent in mouse [3] .
Concluding remarks
In recent years significant progress has been made regarding the PYHIN proteins, particularly considering the roles of ALRs in DNA sensing. While the IFN inducible gene cluster has been known for many years, the very recent discovery of a novel protein encoded in this region (POP3) emphasises that there may be numerous exciting discoveries still to be made. For example, the existence of non-coding RNAs in this region with potentially novel regulatory roles has yet to be investigated. Furthermore roles for MNDA and PYHIN1 in innate immunity remain to be determined. In the coming years we hope to gain a deeper understanding of the diverse roles of these proteins. In addition, understanding how exactly their various functions are regulated both by the host and by viruses will be extremely informative. Interestingly, the PYHINs are not the only protein family with dual roles as innate immune sensors and transcriptional regulators. For example, the NLRs NLRC5 and NLRP12 have additional roles acting as transcriptional regulators of MHC class I, and the associated genes b2M, TAP1, and LMP2 [74, 75] . Future work will likely reveal further gene regulatory roles for the PYHINs both as nucleic acid sensors and as downstream components of signal transduction pathways. In addition, investigation into the differential molecular and cellular events involved in ALR-stimulated STING or inflammasome activation will greatly advance our understanding of downstream pathway activation and reveal novel therapeutic opportunities. While great progress has undoubtedly been made in recent years with regard to the roles of human PYHINs and their mechanisms of action, we are some way from reaping the benefits of targeted PYHIN control by therapeutic means. Further research on these proteins will certainly yield important information that we require for a more complete understanding of their roles, particularly in disease. In turn this will greatly aid the development of therapeutics targeting PYHIN proteins.
